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ABSTRACT
The United States of America’s Military, more specifically the Army, has since the late
1990’s had a vested interest in the development of super-lightweight, portable, short-span
composite bridge and decking components to replace aging heavy metal-alloy machine driven
modular systems. The following study looks at the feasibility of using balsa wood as the
structural core material in fiber reinforced polymer (FRP) wrapped hollow-core composites in
short-span bridge applications. The balsa provides shear resistance and the FRP the flexural
resistance, resulting in extremely high strength-to-weight and strength-to-depth ratios. Several
scaled short span specimens were constructed and tested using a variety of fibers and resins. In
addition, a calibrated finite element model (FEM) was developed using data acquired through
testing.
Of the 3 FRP-matrices tested (carbon-polyurethane, glass-polyurethane, and carbonepoxy-resin), the carbon-epoxy-resin had the stiffest cross-section and highest ultimate load
achieved, although the fiber did not have the highest elastic modulus and ultimate rupture
strength of the constituent materials. The carbon-polyurethane fiber had the largest elastic
modulus and ultimate strength, but due to construction difficulties did not perform as well as
expected. The glass-polyurethane fiber had the lowest elastic modulus and ultimate load with
high strain values and performed accordingly during specimen testing. Given the constraints of
self-weight, section geometry, and deflection set forth for lightweight short-span portable
bridging solutions, this study demonstrates that the balsa-FRP composite systems are viable
solutions; in particular, when carbon fabric is paired with balsa cores.
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CHAPTER 1: INTRODUCTION
Background
As far back as the early eighties a great deal of interest has been generated in the field of
structures using fiber reinforced polymer (FRP) composites. FRPs have been used in both standalone pultruded sections and in conjunction with various cores such as high-density foam and
balsa wood for use in creating lightweight, high-strength, short-span bridges (Mallick, 2008).
FRP composites have significant advantages when taking into account material density,
particularly in strength-to-weight ratio. In addition, fibers such as glass are not adversely affected
by extreme weather conditions and salting as are metal alloys, particular when considering
spalled or corroded rebar where reinforced or pre-stressed concrete is concerned.
Several studies have shown FRP composites to be a viable alternative, weight considered,
to more traditional metal alloys. Studies by Kosmatka et al. (2006) at the University of California
San Diego, such as the Composite Army Bridge (CAB) project, demonstrate FRP’s competitive
strength and weight savings compared to typical aluminum superstructures as well as significant
cost savings by using the Seeman Composite Resin Infusion Molding Process (SCRIMP) of
manufacturing. Several dated solutions to the portable bridge problem such as the Bruglegger
and the LEGUAN were developed and are in use presently that incorporate the use of heavy
machinery, wheeled and tracked, to cantilever modular steel tread-ways over a desired crossing.
The United States Military have been investing in research for a lighter more portable solution
since the early nineties.
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Research Overview
The primary goal of this investigation is to determine whether the use of balsa as a core
material wrapped in FRP is a viable solution to withstand the moment demand and serviceability
limits for lightweight short-span bridging systems. Recommendations will be made in the
conclusion of this paper for further experimentation.
Several FRP composites with varying fibers and matching epoxies have been used in
conjunction with hollow balsa wood cores to develop scaled short-span bridges.
Table 1 contains a full listing of FRPs and resins used in this study. The 1:4 scaled
specimens were constructed, outfitted with several strain gages, and loaded until failure
occurred. Failure was defined as yielding of the cross-section under simply-supported four-point
bending.
Table 1: Material Listings

Name

Fiber Type

Commercial Product

Resin

Carbon-Polyurethane

Carbon
Bi-Directional

Aquawrap

Embedded Polyurethane

Carbon-Epoxy-Resin

Carbon (Bare Fiber)
Uni-Directional

US Composites

QuakeBond J300SR Epoxy Resin

Glass-Polyurethane

Glass
Bi-Directional

US Composites

Embedded Polyurethane

The cores were made from end grain balsa weighing at a minimum 19 pounds per cubic
foot. Balsa strips of 1/3/4 inch x 1/8 inch x 48 inch were bonded together to form hollow square
1 inch cross-sections using a commercially available wood glue. The balsa cores are used to
resist shear and have been wrapped with a FRP composite to counteract the bending moment
created from simulated military vehicle loading. The FRP was applied to the balsa cores by a
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process known as vacuum bagging which allows an even constant pressure to be applied until the
matrix properly cures.
A finite element model (FEM) of the specimens was created and calibrated using material
property testing results. The modeling portion was performed using Patran by MSC Software,
and the analysis portion was performed using Nastran. The results from the FEM model are
compared to the lab results and discussed in the conclusion of this paper.

Literature Review
Aging Fleet of Military Portable Bridges
During the middle of the nineties the U.S. Army expressed interest in replacing their
aging fleet of portable bridging solutions used on both the battlefield and also in public
emergency situations. There are several vehicular movable bridge types already in production,
wheeled and tracked, capable of spanning 82-98 feet.
The Bruglegger Military Load Class (MLC) 70, a tank-like vehicle with a metal modulartype system, is intended to cover spans of 32 feet, 61 feet, and 91 feet. Each of the 3 included
modules stretches 32 feet allowing for combinations of distances, 1 x 32 foot plus 61 foot, 3
separate smaller 32 foot, or 1 long 91 foot. The vehicle launches the modules horizontally off its
roof in an estimated time of 5 minutes for the shorter 32 feet span, and approximately 10 minutes
for the full 61 foot span. The service life is quite considerable at an estimated 30 years, capable
of 10,000 crossings, and 3,000 launches (Armed Forces, International, 2008).
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Figure 1: Bruglegger (2008)

A more conventional modular movable bridging system than the Bruglegger is the
LEGUAN which is available in 3 formats, wheeled vehicle, armored vehicle launched bridge
(AVLB) visualized as a tank like vehicle, and also a Floating Bridge and Ferry rendition. It is
similar to the Bruglegger in that it also launches horizontally but only uses 2 segments made of
aluminum alloy 14m long capable of spanning gaps of 25m. It is rated for MLC 70 and weighs
10.8 tons with launch times of under 5 minutes for the wheeled, and under 8 minutes for the
tracked (Armed Forces, International, 2008).

Figure 2: LEGUAN (2008)
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Portable bridges erected by the use of manpower are also in use, for example the Military
Bridge for Light Forces, MLC 12, developed by Krauss-Maffei Wegmann. This bridge is made
completely of carbon fiber material, excluding the couplings used to tie the modules together.
MLC 14 vehicles are capable of crossing the portable bridge if they adhere to a crossing speed of
“walking” and keep as centered as possible. It is a modular bridge erected in cantilever fashion,
up to nine modules may used at one time to span lengths of up to 70.8 feet, with each module
being 7.9 feet and 12.2 feet wide. The total weight of all the modules is approximately 4.3 tons.
Constructing the bridge using positive locking connections with a 6 person crew can take under 2
hours with each component weighing no more than 55 pounds. The bridge can be transported as
individual pieces or fully erected, by helicopter for example (Armed Forces, International, 2008).

Long Span Solution - The CAB Project
The basic requirements put forth by the U.S. Army in the nineties were for a lightweight
portable bridging system capable of spanning 40ft while supporting MLC 100 (Military Load
Case, 90,700kg, 200,000lb) for both wheeled and tracked vehicles. From these requirements, led
by Kosmatka (1999), the Composite Army Bridge (CAB) project began development. The CAB
project used a balsa core wrapped in carbon with the use of an epoxy to create a decking system
laid upon an almost entirely graphite superstructure. This balsa core deck was shown to be a
competitive solution to existing aluminum decks already in use.
The CAB project is a polymeric-composite bridge that end-to-end is 541 inch over 2
parallel spans with connecting bars between. The spans have a w-shaped cross section with
varying depth along the span with a maximum of 21.5 inch at the mid-span. Each span is
characterized by the author as having a lower superstructure (hull), roadway deck, wear surface,
and aluminum end-caps for impact resistance (Kosmatka, 1998).
5

Hardwood end supports were utilized along with 1.5 inch thick elastomeric bridge pads.
A whipple-tree mechanism simulated vehicle axle loads. Linear variable differential transformers
(LVDT) along with external rosette strain gauges were used to gather data. The strain gauges
were adhered to the upper and lower decks and also the side walls to obtain various stress levels
throughout. The LVDTs were used to determine support blocks and tread-way displacements and
also to determine to what extent twisting of the spans was being induced from the loading.

Figure 3: Whipple-tree Mechanism

A linear static finite element analysis (FEA) NASTRAN model was constructed and used
to simulate cycled vehicle crossings of MLC 50, MLC 70, and MLC110 prior to actual field
testing. The vehicles were simulated and field tested with primary loading on the entrance ramps,
at the mid-span of the span and also off-centered at the mid-span to simulate twisting induced by
vehicles not crossing on the center-line of the tread-way. The spans were tested with simple
supports with various conditioning, such as an uphill incline of 1:10, twisting of the spans angled
at 1:20, and a distributed support to simulate cases of the sidewall collapse during loading.
Extensive testing was conducted during the CAB project prior to the full scale
specimen’s fabrication. Several scaled road deck and tread-way field models were also created
and tested as well as extensive material and wear surface testing. Several surface preparation
6

studies were completed which included bead-blasted, as finished, hand sanded, acid wipe, and a
combination of sanding and acid wipe. The studies showed the combination of sanding and acid
wiping produced the best results for surface preparation. Five different FRP web core systems
were tested as a decking alternative. The decking featured both E-glass/epoxy and also
carbon/epoxy webs wrapped around balsa as a baseline and foam cores utilizing both vertical and
angled webbing. The specimens were tested for shear and compression using both FEA and fullscale models. The study showed that when compared to aluminum decking, FRP webbed
decking can save up to 35% in weight while maintaining adequate shear strength both locally
and globally.
The CAB project was a success in that the failure mode on the full-scale bridge was
characterized by a poor bond acquired through the fabrication process. The resulting strains and
deflections were characterized as extremely low allowing further reduction of material and
weight. Prior to fabrication several approaches for a core solution were investigated using
detailed FEMs and a cost-weight analysis. The CAB project was made up of triaxial (AMOCO
T300) and uniaxial (Alliant AS4-D) graphite fabric formed using the Seemann Composites Resin
Infusion Molding Process (SCRIMP) process. Sandwich laminates comprised of balsa core,
maple wood blocks, aluminum end-caps, urethane wear surface, and foam core panels. The final
fabricated specimen weighed just under 9.5kips and had undergone 20,000 simulated and actual
crossings without any signs of deterioration. In conclusion the CAB project proved a viable
substitute for metallic portable bridges costing up to 25% less and weighing up to 20% less
(Kosmatka, 1998).
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Short Span Solutions
As of late 2008, the U.S. Military has expressed interest in the research and development
of ultra-light, short-span, low-profile, constant depth, composite bridge applications for use in
response to natural disasters and battlefield applications. The requirements put forth include a 4m
(13.1ft) span length, minimum of 10cm (4in) depth and deflection maximum of 15.2cm (6in).
The need for a short-span bridge can be further reinforced by obstacle statistics that suggest
roughly 80% of all obstacles encountered are less than 9m in length(2008). The 4m requirement
is in contrast to the need for a longer almost 14m span required by the CAB project.
In response to this need several light short-span portable bridges were developed. One
such solution was a commercially available 4m design span short stack bridge (STB) capable of
sustaining MLC 30 designed by MAN mobile bridges of Germany. The STB was manufactured
from aluminum with each of the parallel tread-ways weighing 250kg (551 lbs.) each, for a total
of 500kg (1102 lbs.). The actual length of the double tread-way was 5.2m and used a varying
depth along its length with a maximum depth of 0.28m at mid-span. Under development for the
Canadian forces, developed by Wight and others, as of 2006, is a fiberglass double tread-way
each measuring 4.8m long and 1.2m wide. In common with the STB it also featured a varying
depth with a maximum at mid-span of 0.5m. Each fiberglass tread-way weighs 500kg (1102 lbs.)
for a total of 1000kg (2204 lbs.) and can sustain loads of up to 27,000kg (59,524 lbs.). Due to the
U.S. Military low profile constant depth requirement of no more than 4in, although well
engineered approaches, the developed bridges do not meet the criteria.
Kosmatka and Robinson of the who also engineered the CAB project developed and
tested a short-span bridging system in compliance with the U.S. Military requirements. More
specifically those requirements are:
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1) Reasonable weight such that they may be carried by military personnel
2) MLC 30 track and PLS truck loads over a 4m crossing with sufficient track width
3) Constant depth across span not to exceed 100mm (4in.)
4) Deflection under full load not to exceed 152mm (6in.)
5) Safety factor of at least 1.5 for material properties
6) Performance capable under temperature ranges of -46°C (-50°F) to 71°C (160°F)
The short-span bridge consisted of a carbon/epoxy laminate upper and lower skin
encasing a celled E-glass core. The bridge length was 5.6m (220in.) with a 4m (157.5in.) clear
span and 4.8m (189in.) design span. A single tread-way of the double parallel had a width of
0.76m (30in.) and a constant depth across the length of 3.98in, under the 4in. threshold as
required. The final short-span bridge was shown to meet all requirements put forth by the U.S.
Military and capable to support both MLC 30 and palletized load system (PLS) truck vehicles.
The bridging system was fabricated using a variant of the Vacuum Assisted Resin
Transfer Molding process (VARTM), the SCRIMP. VARTM is a technique used to shape and
saturate a fiber by drawing resin through the mold by way of vacuum. The fiberglass core
showed adequate shear and compressive strength on both the local and global scale.
The system was field tested as well as load simulated in the lab, then compared to an
MSC-Nastran FEM model which returned the majority of results within 10% error. A total of 24
linear and rosette strain gauges and several displacement transducers were used both at the center
line and either side along the span length to record longitudinal bending, transverse bending and
twisting, and compression and settlement of the rubber bearing.
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The study concluded that the bridging system behaved linearly and that the critical
component of the system was the core while all components returned a positive margin of safety.
It was concluded that the lightweight, short-span, portable, versatile bridging system was a viable
solution for the criteria given. The ultimate failure of the specimen was characterized by
inadequate bonding between the deck and the lower hull caused by complexities in the
fabrication process and also inadequate fusing of resin to the lower deck.

Decking Systems
In conjunction with a need for lightweight durable bridging solutions, there is also a need
for similar requirements for a decking system capable of being a viable replacement for
aluminum-based decks (Kosmatka, 1998). A study performed by Robinson and Kosmatka
described the development and testing of five different FRP webbed-core decks compared to the
existing balsa core deck used for the CAB project. The cores tested were approximately 3in.
thick and consisted of both carbon/epoxy or E-glass/epoxy webs and carbon/epoxy face sheets
with varying densities of polyisocyanurate foam used as a core (3pcf → 6pcf). Shear and
compressive strength were tested using 3-point bending and compression testing and was shown
that all cores tested exceeded the performance of the baseline balsa core used for the CAB
project. The failure modes of the decking systems in shear were characterized by interlaminar
shear, failure of the joint between the web and skin, web shear failure, and web buckling. The
failure mode in compression was defined by crushing and buckling of the webs.

Panels
A study by Boyle et al (2002) described buckling and post-buckling of orthotropic
rectangular sandwich panels under uniaxial compression as it applies to the ship building
industry. The panels consisted of both balsa and linear polyvinyl chloride (PVC) foam cores
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tested in various sizes reinforced with FRP. The panels were fabricated using the VARTM
process. The study found the balsa core panels to outperform the foam-core panels in terms of
buckling loads and post-buckling collapse in all cases. It is noted there is a weight trade off of
using the heavier balsa core over the lighter foam core as weight savings are of particular interest
to ship builders. The main goal of this study was to correlate experimental data with numerical
and numerical data.
Genestedt and Bekisli (2001) also performed research on shear stiffness and strength of
the core material as it relates to marine applications. A new core was fabricated from irregularly
shaped end-grain balsa blocks arranged at different angles to obtain a more isotropic out-of-plane
shear stiffness. Preliminary numerical analysis predicted a shear stiffness of the new core to be in
excess of 70% stiffer than standard end-grain balsa and was later confirmed by preliminary
testing. The authors acknowledge much work remains before any attempt at a general conclusion
is documented.

Figure 4: Improved Balsa Core Shear(Grenestedt & Bekisli, 2003)
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CHAPTER 2: RESEARCH DESIGN METHODOLOGY
Balsa Background and Properties
History, Growth, Availability and Harvesting
During the WWI era the Allies had a need to find a suitable replacement for cork. Balsa
was introduced and the plentiful import of balsa into the United States began. Balsa wood
(Ochroma Pyramidale) first became readily available in the United States near the end of the
1920’s, with the model building market taking particular interest it’s lightweight, ability to
absorb shock and vibration, and ease of cutting, shaping and gluing(Green, 2001).
Ideal growing conditions for the balsa tree require heavy rains, very warm climates and
excellent drainage conditions. Parts of Central America towards South America and along the
Andes mountain ranges through Ecuador and as far south as Bolivia describe the extent of Balsa
growth see Figure 5. Balsa is most commonly found at higher elevations typically between two
rivers (Green, 2001).

Figure 5: Balsa Growth Range
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Balsa trees grow to heights between 60ft to 90ft with diameters of 12 inch – 45 inch and
are most often harvested in the 6 to 10 year range. While a balsa tree is still growing before being
harvested it is only 40% substance but is pumped full of water to achieve standing strength,
much the same way a tire inflated with air gives it strength. Where in most trees water is at a
minimum, balsa has a large percentage of its volume taken up by water. The heavy voids in balsa
wood are caused by their large cells structure having very thin walls. Lignin is the “cement” that
holds these large thin walled cells together. It is a heavy plastic substance, but is something balsa
wood has very little of compared to typical trees and contributes to its light weight. Once the
balsa tree is harvested it is kiln dried to remove the large amounts of water down to near 6% of
total volume. The kiln process also kills bacteria, fungi and any insects living within the
wood(Green, 2001).

Properties
Wood is widely considered an orthotropic material, which is to have separate mechanical
properties in each of its three perpendicular primary axes. In the case of wood these three axes
are referred to as radial, tangential, and longitudinal as see in Figure 6.
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Figure 6: Wood Axes

The radial and tangential directions are collectively referred to as perpendicular to the
grain and therefore exhibit reduced strength properties when compared to the longitudinal axis
that is parallel to the grain. The added strength in the longitudinal direction can also be attributed
to the primary bonds of the major chemical constituents of the cell wall also running
longitudinal.
As an orthotropic material the strength of the cut is dependent upon which direction it is
to be loaded. This is due to the structure of the cells and the physical organization of the
cellulose chains in the cell walls of the wood. The cell walls of wood have a specific gravity
greater than that of water of 1.5. It can be inferred from this data that because wood floats in
water portions of the cell structure are occupied by pores and cavities, in the case of balsa wood,
the cells as previously state, have very thin walls and large volumes, which contributes to its
light weight and low density. The microstructure can be seen by an illustration presented by Da
Silva and Kyriadkides (2002). The tracheids are the main source of structural support and
account for 80-90% of the balsa’s microstructure, another 8-15% for rays, and the remaining
volume dedicated to sap channels (Da Silva & Kyriadkides, 2007).

Figure 7: Balsa Microstructure, (Da Silva and Kyriadkides, 2002)

14

As seen from Figure 8: Balsa Grain Types, there are 3 common grain types of balsa
depending on how the tree is cut. The most common all purpose cut is B-Grain exhibiting a
combination of advantages from both A and C-Grains. A/C-Grains can serve specific purposes
based on qualities of each grain. A-Grain can be very flexible because the grain of the wood runs
parallel to the cut and if soaked in water can be bent around curves quite easily. C-Grain is stiffer
than A-grain but cannot be bent in the same manner and is much more likely to split as the grain
runs perpendicular to the cut.
A common attribute associated with balsa is its extreme light weight yet comparable
strength. Green et al. (1999) presented. Balsa’s modulus of elasticity is significantly lower than
other common woods such as red oak and pine but displays very similar weight-to-modulus
ratio.

Figure 8: Balsa Grain Types
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Table 2: Mechanical Properties for five wood species at 12% moisture content (Green, 2001)

Weight /
Bending
Modulus
Elasticity

*Side
Hardness
(kN)

Perpendicular
to Grain
(MPa)

Tension

Parallel to
Grain
(MPa)

(MPa)

Parallel to
Grain
(MPa)

Shear

Perpendicular
to Grain

Parallel to
Grain
(MPa)

Compression

Modulus of
Elasticity
(MPa)

Weight
(lbs./ft3)

Modulus of
Rupture
(MPa)

Bending

Red Oak

48

99

12500

46.6

7

12.3

101.4

5.5

5.7

260.42

Loblolly Pine

32

88

12300

49.2

5.4

9.6

88

3.2

3.1

384.38

Sitka Spruce

28

70

10800

38.7

4

7.9

75.8

2.6

2.4

385.71

Yellow
Poplar

26

70

10900

38.2

3.4

8.2

154.4

3.7

2.4

419.23

Balsa

10

21.6

3400

14.9

-

2.1

-

-

-

340

*Force at 5.6mm indention

The heaviest of the woods shown, red oak, weighed 48lbs./ft3 is almost five times as
heavy as the balsa wood tested. It should be noted that wood properties in general are quite
variable and density and strength can deviate to an extent. Balsa for example varies in weight
from as low as 6lbs./ft3 also known as “contest grade”, to 10lbs./ft3 as represented in Table 2 to
over 19lbs./ft3 as used to construct the core of the specimens tested in this research.

Modulus of Elasticity (MPa)

Weight / Modulus Elasticity
450.00

14000

Bending Modulus (MPa)

350.00
10000

300.00

8000

250.00

6000

200.00
150.00

4000

100.00
2000

50.00
0.00

0
Red Oak

Loblolly Pine Sitka Spruce

Yellow
Poplar

Figure 9: Wood Bending Modulus and Weight to Modulus Ratio
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Balsa

Weight / Modulus Ratio

400.00

12000

Table 3: Balsa Properties (Green, 2001)

Compression

Tension

Modulus Elasticity
(Compression)

Modulus Elasticity
(Tension)

lb/in3

lb/in3

lb/in3

lb/in3

Low

680

1100

56400

178760

Medium

1750

2890

66700

185300

High

2830

5670

77000

191840

Density

Low Density = 75 kg/m³ (0.0027 lb/in³) 4.67pcf; Medium Density = 150 kg/m³ (0.0054 lb/in³) 9.3pcf; High Density = 225 kg/m³
(0.0081 lb/in³) 14pcf

If stresses are kept to low levels the elastic properties of wood are recoverable upon relief
of the stress. There are a total of 12 constants used to describe the elastic properties of wood. The
12 constants consist of 3 moduli of elasticity, 3 moduli of rigidity (shear modulus), and 6 Poisson
ratios. Both the moduli of elasticity and the rigidity have 3 unique constants each along the
orthotropic axis of the material labeled tangential (ET, GT), radial (ER, GR), and longitudinal (EL,

Moduli Elasticity/Rigidy (GPa)

GL). Select average values for the modulus of elasticity and rigidity are presented in Figure 10.
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12
10
8
6
4
2
0
‐2

ET

ER

EL

GLR

GLT

GRT

Loblolly Pine

0.9594

1.3899

12.3

1.0086

0.9963

0.1599

Sitka Spruce

0.4644

0.8424

10.8

0.6912

0.6588

0.0324

Red Oak

1.025

1.925

12.5

1.1125

1.0125

Yellow Poplar

0.4687

1.0028

10.9

0.8175

0.7521

0.1199

Balsa

0.054

0.1656

3.6

0.1944

0.1332

0.018

Figure 10: Balsa Average Elastic Properties at 12% Moisture Content (Green, 2001)

The 6 Poisson Ratios are denoted μLR , μLT, μRT, μTR, μRL, and μTL represent loading along
each of the 3 orthotropic axis and the 2 Poisson Ratios along the perpendicular to the loading
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axis.

It is necessary to note longitudinal Poisson ratios when loaded along the tangential and radial
axis are extremely small and are not typically available or considered during testing.
Table 4: Various Wood Poisson Ratios at 12% Moisture Content (Green, 2001)

Loblolly Pine Sitka Spruce Red Oak Yellow Poplar

Balsa

LR

μ

0.328

0.372

0.35

0.318

0.229

μLT

0.292

0.467

0.448

0.392

0.488

RT

0.382

0.435

0.56

0.703

0.665

TR

0.362

0.245

0.292

0.392

0.231

RL

(a)

(a)

(a)

(a)

(a)

TL

(a)

(a)

(a)

(a)

(a)

μ
μ

μ

μ

The effects of temperature and moisture on the mechanical properties of wood can be
both reversible and irreversible. Generally speaking as the temperature is increased the
mechanical properties and moisture content of the wood will decrease. Dry wood, due to lack of
moisture, is less sensitive to temperature change than green wood. Wood is very susceptible to
decay when a warm moist environment is present encouraging the growth of fungi. The decay
will reduce the density of the wood over time and in turn large reductions in strength will result.
A large reduction in strength will occur before a change in mass is measureable.

FRP Background and Properties
History
The first known use of FRP was as early as the 1930s when a hull of a ship was
constructed by laying fiberglass and a resin onto a foam mold and left to cure. In the 1940s, the
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military defense department turned to FRP for various aerospace and naval applications while
also working its way into the oil industry, paper, chemical processing, power, waste treatment
and many others(Mallick P. K., 2008). The non-corrosive properties of many fibers were
recognized at an early stage and thus helped propel FRP into the manufacturing mainstream. In
the ‘60s and ‘70s, FRP was gaining use in the aerospace industries for use in motor casings and
oxygen tanks (Mallick P. K., 2008). By this time the automotive industry had already jumped on
board and was producing fiberglass car bodies. Most notably, the historic Chevrolet Corvette
paved the way for today’s use of FRPs in the racing industry in the form of carbon-fiber hoods,
manifolds, intake systems and nearly any part that could benefit from the weight savings. In the
1970s the automotive industry eventually overtook the marine market as a consumer of
composite materials and still does today(Mallick P. K., 2008). The large demand for FRP by the
military during war time helped fuel the supply and drive costs down. Later in the 1980s the
composite market was rejuvenated once again with the introduction of FRP as a reinforcing
material for the infrastructure industry, most notably for application to strengthen or retrofit
concrete.

Composite Manufacturing
FRP composites are typically manufactured through compression molding, pultrusion,
filament winding, variations of VARTM, or by a wet-layup process. Compression molding is a
process suited for high-volume high-pressure cases where high-strength complex fiberglass
reinforcement is utilized. Pultruded FRP tows are pulled from a spool, bound together, heat
treated, coated with resin, and cut to the required length. Filament winding is a process by which
filaments are wound over a rotating mandrel and thereafter coated with a resin. The varying
angle at which the fibers are laid down will determine the mechanical properties of the material
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(Mallick P. K., 2008). Wet layup is the most common manufacturing process for FRP. The fiber
is placed where it is wanted and resin is rolled into the fiber and left to cure. VARTM is a
process where the fabric is placed into a mold and resin is injected, typically by vacuum, through
the mold until fully saturated. A similar process is RTM in which the resin is pressured into the
mold as opposed to VARTM where the use of vacuum is used to pull the resin in.

Infrastructure
Structural uses for FRP come in many forms such as retrofitting, pultruded forms, and
surface or near-surface mounted. Often when a reinforced concrete beam has been categorized as
structurally deficient or cracking has begun to propagate, FRP will be surface mounted using a
wet-layup technique to increase the moment capacity. FRP has also been used in near-surface
and pultruded forms, much the same pre-stressed steel strands are used in pre-stressed concrete.
A primary concern for the more common forms of reinforcement, such as steel strands and rebar,
is corrosion resistance. For example the salting of bridges as a preventative means of a vehicles
loss of traction over several years can cause chloride penetration into the concrete and causes the
rebar to spall(Mallick P. K., 2008). In addition, exposure of concrete infrastructure to highly
humid conditions or locations near a marine environment can also cause chloride to seep through
the concrete cover. This spalling, although slow, can rupture the concrete exposing the rebar and
ultimately significantly reducing the strength of the structure. FRP such as glass-fiber does not
suffer from the same corrosion-resistance properties as rebar, and in fact boasts a very strong
resistance to corrosion.
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Properties
Fiber Composites
Fiber-reinforced composites are a two-part system consisting of a fiber and a matrix. The
load is carried by the fiber itself, while the matrix (epoxy) acts as a load transferring system
keeping the fiber in place and orientation intact while protecting the fiber from environmental
conditions such as temperature changes and moisture. In practical use, several layers of fibers in
an assortment of orientations between 0° and 90° are stacked together to form what is referred to
as a laminate (Mallick P. K., 2008).
As fibers inherently have very low densities and provide a high modulus in the fiber
direction, they exhibit very high modulus-to-weight ratios that make them prime candidates for
applications where weight is a critical criterion. It can easily be seen from the following data the
large advantage FRP has, when taking into consideration the material density, over metal alloys.
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Modulus Gpa (Msi)

Tensile Strength Mpa (ksi)

Yield Strength Mpa (ksi)

Ratio of Modulus to
Weight 10-6 m

Ratio of Tensile
Strength to Weight 103 m

1.63

215

1240

-

13.44

77.5

High-strength carbon fiber-epoxy matrix (unidirectional)

1.55

137.8

1550

-

9.06

101.9

Kevlar 49 fiber-epoxy matrix (unidirectional)

1.38

75.8

1378

-

5.6

101.8

E-glass fiber-epoxy matrix (unidirectional)

1.85

39.3

965

-

2.16

53.2

Carbon fiber-epoxy matrix (quasi-isotropic)

1.55

45.5

579

-

2.99

38

SAE 1010 steel (cold worked)

7.87

207

365

303

2.68

4.72

AISI 4340 steel (quenched and tempered)

7.87

207

1722

1515

2.68

22.3

6061-T6 aluminum alloy

2.7

68.9

310

275

2.6

11.7

2.7

68.9

606

537

2.6

22.9

8.2

207

1399

1247

2.57

17.4

17-7 PH stainless steel (aged)

7.87

196

1619

1515

2.54

21

Ti-6A1-4V titanium alloy (aged)

4.43

110

1171

1068

2.53

26.9
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Fiber‐reinforced Composites

Metal

Figure 11: Ratio of Tensile Strength to Weight (Mallick, 2008)
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Ti‐6A1‐4V titanium alloy (aged)

17‐7 PH stainless steel (aged)

INCO 718 nickel alloy (aged)

7178‐T6 aluminum alloy

6061‐T6 aluminum alloy

AISI 4340 steel (quenched and
tempered)

SAE 1010 steel (cold worked)

Carbon fiber‐epoxy matrix
(quasi‐isotropic)

E‐glass fiber‐epoxy matrix
(unidirectional)

Kevlar 49 fiber‐epoxy matrix
(unidirectional)

High‐strength carbon fiber‐
epoxy matrix (unidirectional)

0
High‐modulus carbon fiber‐
epoxy matrix (unidirectional)

Modulus to Weight Ratio 10‐6 m

7178-T6 aluminum alloy
INCO 718 nickel alloy (aged)

Tensile Strength to Weight Ratio (103 m)

Density g/cm3
High-modulus carbon fiber-epoxy matrix
(unidirectional)

Metal

Fiber-reinforced
Composites

Table 5: Properties of Composite and Metallic Materials (Mallick, 2008)

Glass Fibers
There are 3 main types of glass fibers, E-glass, S-glass and C-glass. C-glass is most often
used for chemical applications because of its higher resistance to corrosion than E-glass which is
the most common of the glass fibers largely due to its low manufacturing costs. S-glass is most
common in aircrafts components because it has the highest tensile strength of the glass fibers.
Accordingly, it is associated with the highest manufacturing costs. In general glass fibers have
high tensile strength, high chemical resistance, and have excellent insulation properties.
The main ingredient of glass fiber is silica (SiO2) and contains smaller portions of barium
oxide (B2O3) and aluminum oxide (Al2O3) added to the silica to modify the structure and
progress the workability of the fiber. E-glass and C-glass fibers have low sodium oxide (NA2O)
and potassium oxide (K2O) content which attributes to its corrosive resistance to water and high
surface resistivity. Other ingredients include calcium oxide (CaO) and magnesium oxide (MgO)
(Mallick P. K., 2008).
The ingredients of the glass fiber are first dry mixed together and then melted at around
1370°C before being drawn rapidly through a platinum bushing roughly 10μm in diameter. Once
drawn through a protective coating is applied containing lubricants, antistatic, and binder agents.
The lubricant helps prevent abrasion between the filaments, antistatic agents to prevent static
friction between the filaments, and the binding agent to form the filaments together into a strand
(Mallick P. K., 2008). On occasion coupling agents may also be added to encourage adhesion
between the fiber itself and the paired matrix.
The initial tensile strength of glass fibers are in the range of 500ksi however, due to
surface damage, flaws created from abrasion such as filament-filament rubbing or contact with
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equipment can cause a reduction in strength down to 250ksi to 300ksi (Mallick P. K., 2008). It
should also be noted that strength reductions in glass fibers are increased when under cyclic or
static fatigue loading and should be of major consideration when considering fatigue
applications. The longer the loading time, the greater a decrease in strength will be observed.
Strength can be further reduced by the presence of water which bleaches out alkalis from the
fiber surface amplifying surface flaws already causing a reduction in strength (Mallick P. K.,
2008).
Carbon Fibers
Carbon fibers exhibit extremely high tensile strength-to-weight ratios and tensile-tomodulus ratios. Tensile strengths can range from 30,000ksi up to 150,000ksi, far exceeding that
of glass fibers but at a premium cost. Because carbon fibers are much more expensive they are
sparingly used and are typically found in aerospace applications where component weights take
precedence over material cost. Carbon fibers have a very low coefficient of thermal expansion,
high fatigue strengths, high thermal conductivity, low strain-to-failure, low impact resistance,
and high electrical conductivity (Mallick P. K., 2008).
Carbon fibers are a product of graphitic carbon and amorphous carbon and the high
tensile strength is associated with the graphitic form. The chemical structure of carbon filaments
consists of parallel regular hexagonal carbons groupings. Within the plane of the hexagonal
groupings, strong covalent bonds hold the carbon atoms together while weaker van der Waal
bonds hold each individual layer together. This variance in bonds contributes to the anisotropic
properties of carbon fibers. The planes are aligned longitudinally down the length of the filament
and transversely are either circumferential, radial, random or a combination thereof. Typically
the skin of the strand is of circumferential order and the core is made of radial or random. The
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variation of arrangements can alter the modulus of elasticity and the coefficient of thermal
expansion in the radial and circumferential directions(Mallick P. K., 2008).

Matrix
There are several primary purposes of the matrix system within a composite, namely, to
keep the fiber oriented in place, act as a body to transfer stress between fibers, and protection of
the fiber from the surrounding environment and physical wearing. The matrix plays a small role
in the tensile strength of the fiber but has a very important role in the compressive strength.
Interlaminar shear, which is very important in flexural applications, is also largely controlled by
the matrix. The matrix is also important when considering torsion resistance in the form of inplane shear strength(Mallick P. K., 2008).
A polymer matrix is in its simplest form a long chain of repeated units of atoms bonded
together strongly with covalent bonds. Polymer matrix break down into two basic groups,
thermoplastics and thermosets each with their own respective advantages and disadvantages.
Thermoplastics are not chemically joined as are thermosets, they are held together by weaker
bonds such as van der Waals and hydrogen bonds. Thermosets on the other hand are chemically
joined by cross-links to form three-dimensional structures. These polymeric solids’ mechanical
properties are highly dependent on the ambient temperature and rate at which they are loaded
(Mallick P. K., 2008).
The two matrix systems utilized in this research are polyurethane and epoxy-resin. Epoxy
is generally capable of higher ultimate stresses and lower strains at failure than polyurethane.
Epoxies have excellent adhesion and temperature resistance and are also generally impervious to
water. Polyurethanes cure faster than epoxies and tend to be less brittle and are therefore capable
of deflecting farther with no permanent deflection upon release of stress.
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Specimen Design
Preliminary Analysis
A preliminary strength study using sectional analysis to analyze several cross sections
and layering options was conducted using estimated loading criteria prior to the FEM analysis
and scaled model construction to verify the feasibility of the project. The preliminary analyses
showed a 48 inch length design span could support a 1000lb. load with under 4 inches of
deflection where the required minimum deflection is 6 inches and minimum design span was
13.1 feet un-scaled and 39 inches scaled. The loading was reduced to account for model scale
and due to only a percentage of a single track width being tested. The 48 inch design span was
chosen based on a study by Robinson and Kosmatka on short-span fiber-reinforced composite
bridges (Kosmatka, 1998) and also ensuring the minimum 13.1 foot length requirement put forth
by the military was met. The sectional analysis of the scaled models yielded promising results
and provided enough confidence to continue to the construction phase of the study.
Several cross sections were considered along with a wide variety of layering options in an
attempt to meet the criteria of a continuous 4in. thickness. Due to the thin profile of the full-scale
specimen, special care had to be taken when considering constructability of the core when
scaled. Computer numerically controlled (CNC) machining to obtain a 2-part joinable core was
considered but due to the small thickness and long length of the cores it was deemed
unachievable with available machinery. The preliminary study raised considerable questions as
to the constructability of the core and was determined the 4 inch full scale model target was not
reasonably attainable, but rather a 6 inch target was better suited.
The dimensions and scale of the specimens (Scale: 1:4) were chosen based on
considerations of constructability, available budget, accessibility of equipment and space, as well
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as dimensions of available material. A length scale factor of 4 results in a force scale factor of 16
when material properties and gravity are kept constant.

Figure 12: Specimen Rendering

The specimen consists of 3 cores in parallel. Each 1 inch square balsa hollow core has a
thickness of 1/8 inch and is 48 inch long. Each core is wrapped in a single layer of FRP, 1 layer
of FRP along the combined core widths on top and 2 layers on bottom. Each layer was
approximated to be 0.08 inch thick for a total specimen thickness of roughly 1-3/8 inch.
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Figure 13: Specimen Cross-Section

Core Construction
A wooden jig was setup to ensure consistency and accuracy between constructed cores,
see Figure 14. The edges of the jig were lined with tape to prevent glue from curing to the jig or
work table. Three edges of the core were constructed in a single stage of curing with a foam
insert to insure proper spacing was kept during a cure time of 30 minutes. The final stage
enclosed the core was kept in place by the jig with pressure applied to ensure a proper bonding.

Figure 14: Balsa Core Construction Jig

At the time of core construction the balsa sticks all measured in excess of the required
length and were cut at a later stage to the 48 inch requirement.

Figure 15: Construction Process

In total 30 cores were constructed with each specimen requiring 3 cores for a total of 10
final specimens. Final cores were lightly sanded to remove any excess glue and roughness before
applying the FRP.
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Figure 16: Sample of Completed Cores

Vacuum Bag Setup
A 110 volt pump, 50/60Hz, continuous duty diaphragm pump capable of 25 inch Hg
pressure was used to create the vacuum. The bag used was a 20 mil vinyl with electronically
welded seams. The balsa cores were wrapped in FRP with the appropriate matrix and
immediately placed within the sealed vinyl bag with a layer of release film separating the matrix
from the vacuum bag to prevent bonding. Figure 17 demonstrates the vacuum bagging process as
the air is removed from the bag creating a constant evenly distributed pressure on the cores. The
vacuum system was left running for sufficient time to allow the matrix to cure properly.

Figure 17: Vacuum Bag Visual Diagram
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Fabrication Process Outline
The balsa cores were initially constructed individually and tension and compression
gages were adhered to the mid-span of the cores. A whole was drilled through the balsa to feed
the strain gage wire down the length of the inside of the core so as to not disturb the consistency
of the fiber. The individual cores were wrapped and vacuum bagged with a fiber-matrix
combination. Once cured two shear gages were applied a distance two times the depth away from
the support again with holes to feed the gage wires through the cores. The cores were combined
together and the tension and compression layers of fiber were adhered. Once cured an additional
tensile gage was applied to the mid-span on the outside of the fiber.

Wet Layup Process
A work area free of debris and dust was prepared and cleaned with acetone. The resinepoxy was first mixed, 2 parts resin and 1 part hardener, and spread across the fiber evenly on
both sides using a plastic spreader.

Figure 18: Spreading the resin

Figure 19: Rolling the fiber

The resin is rolled into the fiber with a serrated roller that also serves to straighten out the
fiber. This process was applied to both sides to ensure the resin is thoroughly spread and pushed
through the fiber. The balsa cores were then placed on top of the fiber and carefully wrapped also
making sure to roll the fiber once it was on the balsa core.
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Figure 20: Wrapping the balsa core

Figure 21: Release film wrapped and inserted into vacuum bag

Once the cores had been wrapped in the fiber a release film was placed over the balsa
cores to prevent the resin from adhering to the vacuum bag. The specimens were placed inside
the sealed vacuum bag. Special care was taken to ensure the vacuum tube does not get clogged
with resin and that it maintained good vacuum. The wrapped cores were rolled to ensure build-up
of resin or air pockets were removed. The specimens were left under vacuum for a minimum of 6
to 8 hours before being removed.

Figure 22: Vacuum bagged
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Testing Set-ups
Balsa Compression Test
ASTM Standard: D 1037-99, Section 34-40, Standard Test Methods for Evaluating Properties
of Wood-Base Fiber and Particle Panel Materials
The ASTM standard calls for compression testing in both dry and soaked conditions with
load applied both in the parallel and perpendicular directions to the board to test for directional
properties. For the purposes of this research only the parallel dry compression test will be
conducted. The standard allows for three approaches based on the thickness of board being
tested. Procedure B was used as it applies to material thickness of less than 3/8 inch as the core
thickness of the specimens is 1/8 inch. As outline in the standard the test requires lateral support
of the board. A lateral support device is described in ASTM standard D 3501. A modified lateral
support device was used for this research. Loading is to occur at a uniform rate of 0.020 in./min.

Figure 23: Balsa Compression Specimen

Balsa Tensile Test
ASTM Standard: D 1037-99, Section 21-27: Standard Test Methods for Evaluating Properties
of Wood-Base Fiber and Particle Panel Materials
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The ASTM standard calls for tension testing in both dry and soaked conditions with load
applied both in the parallel and perpendicular directions to the board to test for directional
properties. For the purposes of this research only the parallel dry tension test will be conducted.
The test specimens were prepared as shown in Figure 24. The thickness and width of each
specimen tested is to be measured to an accuracy of not less than 0.3%. The speed of loading is
to be at a uniform rate of 0.15 in./min. A total of 3 specimens were tested.

Figure 24: Balsa Tensile Specimen

It was reasoned that the steel grips of the testing machine would crush the balsa sheet to
failure before proper tensile properties could be observed. It was therefore deemed necessary to
use G10 plastic plates to aid in distributing the grips force as much as possible as seen in Figure
25.
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Figure 25: Balsa Tensile Specimen with G10

Glue Property Test
The holding strength of the Titebond wood glue was tested using a compression load to
shear the bond between the double face of the compression column with the supporting column,
see Figure 26. Each contact face between the compression and supporting column is
approximately 2 inch x 4 inch for a total of 16i square inches of adhered surface area. Symmetry
was utilized and the base of the supporting columns held in place to prevent inducing a moment
while under load. The compression column was loaded until failure of the specimen was
observed. The speed of loading was set at uniform rate of 0.15 in./min. A total of 3 specimens
were tested.

Figure 26: Wood-Glue Test
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Figure 27: Wood-Glue Test Construction

Resin Property Test
The bond between balsa and each of the FRPs were tested under tensile load until failure.
Symmetry was again used to prevent inducing a moment and G10 plastic grips were adhered to
the FRP to prevent local failure from the gripping action of the UTM. The upper adhered matrix
area is four times the size of the lower adhered area to ensure failure on the lower portion. It is
notable to mention that the upper portion of adhered area is not considered a stiff connection but
any slippage is considered to be negligible for the purposes of this test. A total of 3 specimens
were tested.

Figure 28: Resin Property Test

Figure 29: Fiber Tensile Test
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Fiber Tensile Test
ASTM Standard: D 3039-00, Standard Test Method for Tensile Properties of Polymer Matrix
Composite Materials
Each FRP composite was tested 3 times each per standard to determine the in-plane
tensile properties. The test specimen is described as a thin flat strip of FRP with a rectangular
cross-section 1 inch x 12 inch.

Specimen Testing
ASTM Standard: D 1037-99, Section 11-20, Standard Test Methods for Evaluating Properties
of Wood-Base Fiber and Particle Panel Materials
ASTM Standard: C 393-00, Standard Test Method for Flexural Properties of Sandwich
Constructions
The support system consists of a (7) steel C-channel used to extend the (8) base of the
UTM. Several (6) 1 inch thick steel blocks are bolted to the C-channel to raise the (4) supports to
allow for deflection topped with a layer of (5) high stiffness rubber that separates the blocks from
the cylindrical support. A (2) whipple-tree system is attached to the (1) loading cell of the UTM
and is utilized to achieve 4-point bending on the (3) balsa-FRP specimens.
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Figure 30: Testing Apparatus

1. UTM Load Cell

5. High Stiffness Rubber

2. Whipple Tree, load spacing = 14 inch

6. Steel Block, 7 inch x 4 inch x 1 inch

3. Balsa FRP Specimen, L = 44 inch

7. C-channel, 48 inch C9 x 13.4

4. Steel half cylindrical support, r = 1.5
inch

8. UTM Base

Figure 31: Loading Apparatus

Figure 32: Central Displacement Gage

ASTM Standards Summary
Balsa Bending
Test

ASTM Standard: D 1037-99, Section 11-20
Standard Test Methods for Evaluating Properties of Wood-Base Fiber and
37

Particle Panel Materials
Balsa Tensile Test ASTM Standard: D 1037-99, Section 21-27
Standard Test Methods for Evaluating Properties of Wood-Base Fiber and
Particle Panel Materials
Balsa
Compression Test

ASTM Standard: D 1037-99, Section 34-40

FRP Tensile
Strength

ASTM Standard: D 3039-00

Specimen 3/4Point Bending

ASTM Standard: C 78-02

Standard Test Methods for Evaluating Properties of Wood-Base Fiber and
Particle Panel Materials
Standard Test Method for Tensile Properties of Polymer Matrix Composite
Materials
Standard Test Method for Flexural Strength of Concrete
ASTM Standard: C 393-00
Standard Test Method for Flexural Properties of Sandwich Constructions

Instrumentation
Introduction to Strain Gages
A strain gage can be described as an insulating flexible backing coupled with a metallic
foil pattern adhered, typically with cyanoacrylate, to the surface. Strain gages typically have a
multiple of zigzagged parallel foil lines so as to multiply the over-all length of the foil line and in
turn multiply the effective change in resistance that would be observed using a single foil line.
Typically gages are manufactured from copper-nickel or nickel-chrome and have a gage factor of
roughly 2. The KFG gage used in this research has a gage factor of 2.10 ±1.0% (Kyowa, 2009).
A general purpose strain gage from Kyowa Electronic Instruments Co. was used based on
an agreed upon recommendation from the supplier. The gage is labeled KFG-5-350-C1-11
L3M2R; see Table 6 for an explanation of the gage coding system. The base of the gage is made
from a polyimide approximately 13μm thick allowing for very good flexibility. Testing
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environment, distance from acquisition system, material properties, load rate, and testing time
were a few of the factors in gage selection.

Gage Type

Table 6: Strain Gage Model Number Coding System

Series Designation

KFG

General-purpose foil strain gage

Gage Length

5

5mm

Resistance

350Ώ 350Ώ

Gage Pattern

C1

Lead-wire
Type

Linear Expansion Coefficient 11

Uniaxial, leads at one end
Common Steel

Type

L

Vinyl-coated flat 2-wire

Length

3M

3 Meter

Wiring System

2

2 wire system

Color Code

R

Red

Strain Gage Accuracy Verification
An identical strain gage as used on the specimens was adhered to a 3/8 inch square steel
beam 34 inches in length, with a simply supported span of 30 inches, and loaded with known
weights of 5N and 10N. Simple hand calculations were compared to readings taken from the
strain gage through the acquisition system to verify the accuracy of the readings.
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Figure 33: Support Setup

Weight at Center of Beam

Hand Calculation (HC)

Strain Gage Reading (SG)

% Difference

(μ)

(μ)

(HC – SG) / HC

5N

34

36

6%

10N

66

68

3%

The unloaded beam produced a reading fluctuating between 819με and 821με for an
average reading of 818με. When loaded with the 5N weight the strain was raised to an average
reading of 852με for a positive strain of 34με. The strain gage and acquisition system’s readings
showed satisfactory accuracy taking into consideration the size of specimen and loading applied
of 3% and 6%.
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Figure 34: Simple Support

Figure 35: Strain Gage Layup

Linear Variable Differential Transformer
A LVDT is a type of electromechanical transducer that can translate a linear movement
into a corresponding electrical signal. Some of the more notable benefits of LVDTs are a friction
free operation environment which translates to no mechanical wear and very long service life.
They are capable of measuring extremely small movements limited only by the noise in the
signal (Kyowa, 2009).
LVDT’s were placed both at the mid-span underneath the specimens and also at both
supports as seen in Figure 36 and Figure 37. The LVDT’s at the supports were used to capture
any deflection of the c-channel as it was longer than the base of the UTM and extended beyond
the loading platform. The displacement gage results beneath the beam were compared to the
table top movement of the UTM in conjunction with any recorded movement of supports to
identify any concerns.

Figure 36: LVDT Placement over Support

Figure 37: LVDT Placement under specimen at mid-span
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Position and Application
Strain gages were strategically placed to gather as much information as possible while
keeping the number of gages per specimen to a minimum for cost effectiveness. A total of 5
uniaxial strain gages were used per specimen making use of symmetry where possible.
From Figure 38 position A has 3 gages, 1 placed on the top (compression) side between the fiber
and balsa, and 2 on the underside (tension) side both between the fiber and balsa and also on the
outside face of the fiber. Locations B and C have been rotated vertically to acquire shear data and
have been placed on both the opposite end longitudinally and laterally of the beam as to not
interfere with one another.
A 1.5 inch LVDT was placed underneath the specimens at mid-span of the beam and also
2 more on top of the supports to determine if any significant settling of the supporting c-channel
while loading was present.

Figure 38: Instrumentation Plan full scale specimens
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The 12 inch specimens were cut from the full scale specimen’s constant moment region
and therefore strain gage placement was similar although no shear gages were present. A single
1.5 inch LVDT was placed beneath the beam at mid-span.

Figure 39: Instrumentation Plan 12 inch specimens

For the interior gage locations a small hole was drilled through the balsa and the lead
wire run through the core, exterior gages were routed along the outside of the cores. The gages
were glued in place using an adhesive also from Kyowa Electronic Instruments Co.
recommended for this particular application called CC-36, an instantaneous adhesive which
cures at normal temperatures.
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Figure 40: Strain Gage through Core

The application process outlined by Kyowa Electronic Instruments Co. was followed as
well additional preventative steps and is outlined as follows. The area where the gage is to be
applied was sanded with a #300 sandpaper and cleaned with acetone. A drop of CC-36 was
placed on the gage and immediately applied as precisely as possible on a previously marked
position. The gage was heled down firmly with a sheet of polyethylene for approximately 1
minute until cured. Excess spill out of adhesive was removed with a scraper. An air-drying
polyurethane coating (M-Coat, Vishay Micromeasurements) is applied to help protect the gage
against abrasion.

Data Acquisition System
The PCI card (PCI-MIO-16E-4) was used to digitize the pure voltage received from the
UTM in reference to the load being applied and the displacement of the table and also the
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excitation voltage received from the three LVDT’s and 5 stain gages applied to the specimen.
The quarter bridge type II was configured in the module accessory (SCXI-1314) in accordance
to Figure 41. The module (SCX-1520) was used to process the signal while the chassis (SCXI1000) provided VDC power and was also used to combine the data streams into a single channel,
also known as multiplexing. The data acquisition set-up can be seen in Figure 42.

Figure 41: Quarter Bridge Configuration

Labview 8.6 in conjunction with NI-DAQmx was used to configure the data acquisition
system and record data. Low pass filters were used to remove high-frequency noise and offset
nulling was applied before each specimen was tested. Offset nulling is a method of taking an
initial reading and subtracting those readings form subsequent readings as strain gages rarely
have initial values of zero. The data was read in real time at a frequency of 1000Hz, or 1000
readings per second. The data points were sampled in groups of 100 per 0.1 seconds and
averaged before being recorded. A linear output conversion was utilized.
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Figure 42: DAQ Set-up

The acquisition system recorded data from 3 LVDT’s and 5 strain gages directly from the
specimen as well as load and table movement indirectly from the UTM machine. Load and table
movement was also exported from the UTM machine but the significance of acquiring the data
again through the acquisition system is to maintain consistent timing across data.
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MSC Patran Model
The specimens were modeled using MSC Patran software and Nastran solver using data
recorded from material testing. Linear modulus of elasticity parameters with failure points
determined from testing was used. Data required to perform the FEM analysis that was not part
of the material testing were acquired from industry standards and is further discussed in Chapter
4.
A mesh sensitivity study was performed to ensure the mesh chosen would have enough
elements to ensure accurate results. A constant load was applied to several varying mesh
sensitivities and deflection at the mid-span of the model was recorded. Each mesh size was
chosen to ensure evenly same sized quad4 elements would fill the surface. The mesh sizes were
0.5, 0.25, 0.125, and 0.0625 inches.

Figure 43: Mesh Sensitivity Study

The mesh discretization scheme was initially set at 0.125 inches to evenly subdivide the
materials and although final processing time was not slowed, working within the model space,
altering and troubleshooting the geometry proved very difficult and processor intensive and was
therefore raised to 0.2 inches.
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Figure 44: Mesh Sensitivity Elements

The materials were modeled as 2D orthotropic Quad4 elements were sized at 0.25 inches
square. The quad4 element has 8 degree’s of freedom with in-plane response. The thickness was
individually specified for each material present in the model. Because of the rectangular shape of
the specimens quad elements were best suited to the shape as opposed to triangular elements.
The fibers layers are interlaced with the balsa layer also with Quad4 elements and were assigned
balsa properties. The primary objective of the interlace Quad4 elements are to provide an offset
to properly place the fiber elements.

Figure 45: Specimen Core Section

As seen in Figure 45 the fiber material was off-set from the balsa material with an
interface element. This interface element was a Quad4 2D orthotropic material with balsa
properties so as to assign an accurate depth to the specimens. The fiber and balsa thickness are
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defined so as they push up against one another during loading. As each specimen height varies
with fiber thickness so too does the neutral axis of each specimen.

Figure 46: Patran Model Isometric

The specimen was modeled as simply supported with point loads representing the
ultimate load at 25%, 50%, 75% and 100% of failure. The supports allowed rotation about the Xaxis. The deflections and minimum and maximum strains are compared to data acquired through
testing.

Figure 47: Patran Loads
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The loading was distributed into several point loads to span the cross-section and
simulate the whipple-tree loading as seen in Figure 47. The use of point loads is not an ideal
solution to simulate the distributed load applied by the whipple-tree, however in an attempt to
simplify the parameters of the model and reduce room for potential errors to arise point loads
were used. The use a distributed area load representative of the loading apparatus would be an
ideal loading scenario.

Figure 48: Patran Model Side View

Figure 49: FEM Deflected Shape

Figure 50: FEM Strain Contours

The deflected shape verifies the correct restraints were applied and the strain contours
verify strain continuity throughout the cross-section as would be expected.
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CHAPTER 3: EXPERIMENTAL RESULTS
Material Results
Balsa in Tension
The average maximum tensile stress of all the specimens tested was acquired and
compared to expected research values as seen in Figure 52. The test specimens showed tensile
maximum stresses up to 600psi short of the projected interpolated maximum. The discrepancy is
in part due to the precision of cross-sectional dimensions input into the test machine and the
variance in the actual density of the balsa wood in this test. The ASTM standard calls for test
specimens to be disregarded if the failure occurs within a 1/2 inch of either grip. As seen
in Figure 51 the failure in this particular specimen occurred at the transition from grip to balsa.
Although not satisfying the ASTM standard criterion, the raw data acquired was used to calibrate
the FEM model.

Figure 51: Balsa Tensile Specimen Failure

It should also be noted the bond between the wood glue and the G10 plastic was uneven
across the face of the balsa. This was due in part by varying amounts of glue absorbed by the
balsa during curing and could have potentially induced twisting into the specimen during testing.
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Figure 52: Balsa Tensile, Density vs. Max Stress

Strain was calculated internally by the testing machine using a standard engineering
strain formulation. The specimen gages lengths were measure with a caliper and inputted to the
UTM. Future research should explore the use of strain gages adhered to the specimens for more
precise data acquisition. Expected strain values were in the range of 0.02 ± 0.005 and the tested
specimens conformed to this expectation. The maximum stress values are indicated on the graph
adjacent to their corresponding data.

Figure 53: Balsa Tensile Stress vs. Strain
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The tensile modulus can be drawn from the stress/strain curve and compared to expected
values. From the data the tensile modulus of elasticity obtained using a trend line for each
specimen and then averaged was 284,598psi which is on the upper limit of the expected
185,300±65,400psi. The upper limit of the expected modulus is estimated using balsa with a
density of roughly 14pcf. The density of the balsa in this research was measure to be roughly
19pcf. The increased density of the balsa accounts for the higher modulus determined.

Balsa in Compression
The recorded elastic modulus of the 3 compression blocks was averaged. The mean
elastic modulus was 71,183psi which was very near the expected values of 66,700±10,300psi.
Considering the higher density balsa used in this experimentation the compression modulus was
expected to lay closer to 77,000psi or go beyond. After the initial ultimate load was reached the
specimens regained some of its strength, in the case of specimen 2 and 4, increased its ultimate
load. This can be explained by the fibers settling and stabilizing therefore creating a denser
stronger core until the outside face of the specimens eventually failed and total loss of section is
observed.

Figure 54: Balsa Compression Blocks Stress vs. Strain Curve
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The maximum stress values are indicated on the graph adjacent to their corresponding
data. The average recorded maximum stress prior to cross-section failure was 4468psi. The
modulus of elasticity was calculated along the non-shaded portion of the stress-strain graph using
a trend line.

Figure 55: Failure of Balsa Compression Block

Specimen 1 was removed from the data because the specimen was not properly centered
under the loading apparatus as seen in Figure 57 and therefore the cross-sectional area under
actual compression could not be calculated accurately.

Figure 56: Balsa Compression, Density vs. Max Stress

The maximum stress of varying balsa densities and their respective maximum
compressive strengths (Green, 2001) were interpolated to predict the achievable stress of the
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balsa used in this research and was found to be well within range of the test data. The grain of
the balsa is known to affect the properties. It is not known what grain of balsa the researched
values were obtained from.

Figure 57: Failed Balsa Blocks

Resin Property Results
The intent of the resin property test was to better understand the interaction between the
balsa wood and the polyurethane/epoxy-resin matrices paired with each of their respective fibers.
The carbon-polyurethane and glass-polyurethane specimens failed due to poor bonding of the
fiber to the balsa. The carbon-epoxy specimen bond was strong and the balsa sheet failed in
shear as seen in Figure 58. The bond between the balsa and the fiber had a higher yielding
strength than the balsa wood itself.
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Figure 58: Resin Property Test

Figure 59: Poor bonding of Glass Specimen

The carbon-epoxy-resin specimens displayed significant higher strength than the carbon
and glass-polyurethane specimens. The polyurethane specimens showed evidence of poor
bonding between the fiber and the balsa as seen in Figure 59 after the specimen had failed. The
balsa sheets showed no signs of failure.
The glass-polyurethane and carbon-polyurethane specimens load displacement graphs
coincide with the poor bonding observed during testing and display significant less ultimate load
at failure.
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Figure 60: Glass-Polyurethane Load vs. Displacement

Figure 61: Carbon-Polyurethane Load vs. Displacement

The carbon-epoxy-resin bonded exceptionally well compared to the carbon and glass
polyurethane specimens as seen in Figure 62.
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Figure 62: Carbon-Epoxy-Resin Load vs. Displacement

Wood Glue Property Results
The wood glue property test verified the preliminary theory that the glue would not be the
failure point of the interaction between balsa sheets in the cores. The face of the balsa blocks
failed in shear prior to the glue reaching its yielding point.

Figure 63: Balsa Glue Property Test
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The sheared balsa block can be seen in Figure 64 and Figure 65. No failure of the wood
glue was observed, only failure of the balsa. Slight bulging of the top most fiber directly under
the loading point could visually be observed.

Figure 64: Balsa Glue Test - Shear Break

The amount of glue absorbed by the balsa blocks plays a significant role in the strength of
the bond. As seen in Figure 65 specimen 1 absorbed the largest amount of glue as can be seen by
the larger areas of balsa still adhered to the support blocks after failure and also recorded the
highest ultimate load. The less glue the blocks absorb, the less balsa is left behind adhered to the
support blocks and results in a lower ultimate strength.

Figure 65: Balsa Glue Test – Shear

Each specimen’s load-displacement graph shows signs of cross-section failure of the
balsa under load prior to the ultimate shear failure of the section. As seen in the balsa
compression tests, the balsa has a tendency to settle and create a denser core; therefore it regains
much of its strength as loading is increased.
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Figure 66: Balsa Glue Test Force vs. Displacement

There is significant difference in ultimate load causing shear failure of the central block
and also in the load needed to cause crushing of the balsa cross section. This could be associated
with the variation in balsa density and also shows inconsistent bonding strength of the wood
glue.

Fiber in Tension
A minimum of 8 specimens per fiber were tested with appropriate strips disregarded due
to failure close to supports as seen in specimen number three, Figure 68. The modulus of
elasticity, ultimate stress, and strain at ultimate stress were averaged.
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Figure 67: Glass-Polyurethane Tensile Results

The most common failure mode of the glass-polyurethane specimens is shown in Figure
69 and can be described as Angled Gage Middle (AGM) by the ASTM standard.

Figure 68: Fiber Tensile Specimen Disregarded

Figure 69: Glass Fiber Failure
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Figure 70: Carbon-Epoxy-Resin Tensile Results

A summarization of all the fiber tensile results is summarized in
Table 7. The glass fiber was the least stiff of all the fibers with relatively large strain
values at rupture and very low comparative modulus of elasticity.
Table 7: Fiber Tensile Results Summary

Carbon
Polyurethane*

Carbon‐Epoxy
Resin

Glass
Polyurethane

Elastic Modulus (ksi)

7026

2149

853

Rupture Strain

0.009

0.039

0.032

Ultimate Stess (ksi)

61.0

83.52

27.3

*Data provided by Zachary Haber, Research Assistance at the University of Central Florida (Mackie, Haber, &
Olka, 2009).

Specimen Compression Test Results
The confinement of the balsa cores by the various fibers, as expected, increased the
ultimate compressive load significantly, over 300% in the case of the Carbon-Epoxy-Resin. The
primary failure mode was buckling of the fiber and balsa cores. Crushing of the fiber is evident
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in Figure 73 as well as buckling of the balsa core. Several cores of the specimen where cut out of
the constant moment region, however upon a more detailed inspection it was found several cutouts were showing signs of crushing in the balsa from previous testing and where discarded.

Figure 71: Specimen Compression - Stress vs. Strain

There is an initial slack or settlement of the specimens prior the full engagement of
confinement by the fiber. This initial slack was compared to the balsa compression tests
in Figure 72. There is an initial settling of the specimens before the confinement provided by the
fiber takes full effect. The 3 inch specimens prior to the effect of confinement are very
susceptible to buckling of the core walls.
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Figure 72: Fiber Wrapped Compression vs. Bare Balsa Specimen

Figure 73: Glass-Polyurethane Failure

As strain increased it can be seen from the failed carbon-epoxy-resin specimen in Figure
74 that the fiber has separated from the balsa as the section begins to fail. This was common to
all specimens. Strain was calculated internally by the UTM by providing gage length in
accompany with displacement of the loading apparatus with standard engineering strain
equation.
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Figure 74: Carbon-Epoxy-Resin Failure
The carbon-epoxy-resin outperformed the stronger fiber of the carbon-polyurethane and
is attributed to the tighter more precise wrap achieved during construction of the carbon-epoxyresin.

Specimen Results
Force vs. Displacement Summary
Displacement data was collected from LVDTs at the mid-span and at both support points
in order to record the flexural displacement. The maximum stroke of the LVDT was 1.5 inch. As
the specimen deflection was initially estimated through preliminary study to be less than 1 inch
the gage was expected to suffice. All specimens deflected greater than 1.5 inch and thus the head
displacement of the loading apparatus in combination with the support displacement were used.
The glass-polyurethane specimens displayed the largest displacements before failure
occurred of all specimens tested. This data correlates with the fiber tensile tests, which showed
65

the glass-polyurethane fibers having the highest rupture strain of all the fibers. Both the glasspolyurethane fiber and carbon-epoxy-resin fiber displayed a linear force-displacement graph with
an abrupt mechanism developing due to failure of the compression fibers. The carbonpolyurethane displayed a similar linear displacement graph but only exhibited a slight drop in
load at failure followed by a gradual loss in capacity. The carbon-polyurethane sustained a large
percentage of its ultimate capacity after the compression fibers had failed.

Figure 75: Force vs. Displacement

The load and deflection criteria required determined by the preliminary study are shown
as a dashed line on the force-displacement graph. Each of the specimens showed promising
reports of being capable of reaching the required load of 938 lbs within the range of 1.5 inches of
displacement with room for refinement during the manufacturing process.
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Table 8: Specimen Ultimate Load and Deflection

Specimen Type

Ultimate Load
(lbs.)

Deflection @ Ultimate
Load (in.)

Bare Balsa Cores

300

1.82

Carbon-Polyurethane 1

1053

1.66

Carbon-Polyurethane 2

831

1.33

Glass-Polyurethane 1

1278

2.46

Glass-Polyurethane 2

1158

2.49

Carbon-Epoxy-Resin 1

2099

1.51

Carbon-Epoxy-Resin 2

2579

1.71

Required Minimum

938

1.5

The carbon-epoxy-resin specimens were the stiffest and exceeded the requirement of
reaching a load of 938 lbs. with less than 1.5 inches of deflection. The glass-polyurethane was
expected to have the lowest stiffness of the specimens because of the relatively small tensile and
compressive strengths associated with glass fibers compared to carbon. The glass specimens
were wrapped with four times as many layers of fiber as the carbon specimens in an attempt to
increase its potential stiffness.
The lack of stiffness displayed by the carbon-polyurethane can most clearly be attributed
to difficulties during construction of the specimens. As the fiber was pre-impregnated and is
activated by adding water and further accelerated by moisture in the air, a strict time restraint is
placed on construction. Beyond the time restraint difficulties associated with the polyurethane, it
also proved to be extremely sticky to the touch making a tight wrap around the individual cores a
challenge.
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Figure 76: Carbon-polyurethane Core

Due to the loose wrap associated with the difficulties described during the vacuum
process, the fiber was pinched on the flat sides of the cores as seen in Figure 76. Further
difficulties were created when the 3 cores were to be grouped together as a single unit. The
uneven surface created by the pinching of the vacuum bag would not allow for the additional
tensile and compressive fibers to be adhered flat. The pultruded edges were ground down to
provide a flush surface for the additional layers of fiber to be placed, but also diminished the
continuity of the fiber.

Failure Mode
The ultimate failure mode of the specimens was consistently the creation of a hinge at the
loading point causing excessive rotation. This type of failure was caused by buckling of the fiber
on the compressive face. The failures occurred at one or both of the loading positions that are
outlined in Figure 77 with the exception of the second glass-polyurethane specimen failing at the
mid-span. This prevented the evaluation of the true ultimate strength of the hollow-core balsa
specimens; therefore, 12 inch sections were removed from the constant moment region of each
and re-tested under 3-point bending with improved built-up cross sections.
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Figure 77: Failure Mode Location

Figure 78: Failure Mode

A typical fiber failure, compression side, can be seen most clearly on the carbonpolyurethane specimen seen in Figure 78.

Bare Balsa Specimens
Three balsa cores with no fiber adhered were bonded together using wood glue and tested
as a baseline model. The bare cores failed in compression and failure of the balsa-wood glue
interface causing local buckling in the cross-section. The failure point was at the location of the
loading apparatus.

Figure 79: Bare Balsa Core Failure

The bare cores demonstrated symmetrical strains on the compression and tension sides at
mid-span of the specimens to be within 1% difference. As seen from Figure 80, the neutral axis
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remains relatively close to the centroid (zero) until compressive failure occurred and strain was
reduced on the compression side of the specimen.

Figure 80: Bare Balsa Core Strain

The behavior of the strain through the cross-section behaved as expected and provided a
baseline for verifying strain compatibility of the composite sections.

Figure 81: Bare Balsa Core Loading
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Carbon-Polyurethane Specimens
The carbon-polyurethane specimens displayed good strain continuity through the balsa
core. The strain on the outside of the fiber would be in line with the balsa strain values if perfect
composite action existed between the materials. The higher strain values on the outside of the
fiber illustrate that the bond between the balsa and fiber does not act as a complete composite.

Figure 82: Carbon-Polyurethane Strain 1

Both carbon-polyurethane specimens displayed force-displacement and strain trends with
less than 5% difference in plotted values. It should be noted that no gage was placed on the
compression face of the fiber but can be predicted to follow similar increased strain values as the
tensile face up to the point at which buckling begins to initiate.
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Figure 83: Carbon-Polyurethane Strain 2

Figure 84: Carbon-Polyurethane Loading

Figure 85: Carbon-Polyurethane Failure

The specimens failed in compression at the location of the loading apparatus were caused
by the creation of a hinge at the loading point causing excessive rotation. The specimen showed
no signs of delamination or tensile failure.

Glass-Polyurethane Specimens
The glass-polyurethane specimens displayed similar results as the carbon-polyurethane
specimens. Specifically, strain continuity between top and bottom fibers of the balsa was
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observed, and higher strain values on the outside of the fiber were obtained than strain continuity
from perfect composite action would suggest.

Figure 86: Glass-Polyurethane Strain 1

Debonding of the fiber from the balsa wood is evident at failure in Figure 87 for the
glass-polyurethane. The strain value on the balsa relaxed significantly at failure indicating the
balsa-fiber interaction began to slip and a re-distribution of stresses occurred.
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Figure 87: Glass-Polyurethane Strain 2

It is important to note the glass-polyurethane cores were not wrapped individually
because of the difficulties encountered during the carbon-polyurethane construction. The 3 balsa
cores were glued together and the glass fiber wrapped around the composite cores with 4 times
as many layers as both the carbon-polyurethane and carbon-epoxy-resin. This wrapping
technique added stability to the specimens from the effect of torsion by creating confinement and
aided a great deal in the force-displacement of the specimen especially when considering its
inherent low elastic modulus.
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Figure 88: Glass-Polyurethane Failure

Figure 89: Glass-Polyurethane Loading

Carbon-Epoxy-Resin Specimens
Strain data from the carbon-epoxy-resin specimens was inconclusive because of missing
strain data and suspected inaccuracy backed by largely lower strain values on the compressive
fiber than the tensile. The failure mode of the specimens mirrored that of the carbonpolyurethane and glass-polyurethane. The carbon-epoxy-resin performed exceptionally well. The
manufacturing process was not as time sensitive as the water-activated polyurethane specimens
and more user-friendly during construction. This allowed for a tighter more concise wrap around
the individual cores and minimal pinching of the fiber during the vacuum process.
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Figure 90: Carbon-Epoxy-Resin Strain 1

The carbon-epoxy-resin strain graph is missing data from the tensile-balsa face but has
been assumed to have the same strain value as the compression face. From the data observed, the
tensile strain data of the fiber is higher than that of the balsa in compression. From other
specimens, the balsa tensile and compression fiber strains have shown to be consistent within a
small percentile error. No data exists to suggest the carbon epoxy compressive and tensile strain
data would not be within similar margins of error. Therefore it can safely be assumed the fiber
tensile strain data is similarly larger than the balsa tensile strain data.
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Figure 91: Carbon-Epoxy-Resin Failure

Figure 92: Carbon-Epoxy-Resin Loading

Moment vs. Curvature Summary
The moment-curvature relationship of the specimens was calculated in order to obtain the
stiffness of the cross section (modulus of elasticity multiplied by the moment of inertia). The
slope of the moment-curvature plot is the stiffness of the specimen. The curvature was
determined from the top and bottom strain values obtained from the balsa cores. The momentcurvature graph can be generated by the following equation, K = 1/ρ = M/EI. Where ρ is the
curvature or 1/r; M is the moment at the center of the beam, and EI is the stiffness of the cross
section. It should be noted that the true moment at the center of the beam was not known but was
estimated from standard equations, M = P x L, where L is the distance from support to the point
of loading.
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Figure 93: Moment vs. Curvature

The summary of the stiffness results are shown in
Table 9. The carbon-epoxy-resin 1 specimen was unable to be plotted due to lack of
strain data gathered, specifically no data was gathered from the compressive strain gage.
Table 9: Specimen Stiffness Summary

Specimen Type

Stiffness
EI (kip-in2)

Bare Balsa Cores

554

Carbon-Polyurethane 1

3105

Carbon-Polyurethane 2

2557

Glass-Polyurethane 1

1980

Glass-Polyurethane 2

1897

Carbon-Epoxy-Resin 1

-

Carbon-Epoxy-Resin 2

3957

1 inch Square Steel

2417
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For comparison purposes, a 1 inch square steel beam was analyzed and compared to the
balsa-frp specimens for the purpose of comparing strength-to-weight ratios. See section on
Specimen Weights for further analysis.

Projected Full-scale Weights
The estimated full-scale weights represent a full length surpassing the requirement of 4m
(13.1ft). It would be expected the full-scale specimens could easily be handled by military
personal without the use of equipment.
Bare Cores

CarbonPolyurethane

CarbonResin-Epoxy

GlassPolyurethane

Equivalent
Steel

Weight (lbs.)

0.84

2.868

3.643

5.214

13.6

Estimated Full
Scale Weight
(lbs.)

3.5

30

36

48

125

From preliminary sectional analysis, using the obtained material properties scaled to full
size, specimen deflections can be estimated. Both carbon fibers meet the 6 inch maximum
deflection criteria and show promising potential for future research.
Deflection

CarbonPolyurethane

Carbon-ResinEpoxy

GlassPolyurethane

Equivalent
Steel

Scaled (48 inches)

0.44

1.25

2.45

0.69

Full Scale (16 feet)

1.74

4.98

9.81

2.76

Equivalent steel cross-sections based on the stiffness obtained from the momentcurvature plot are compared to the fiber-balsa counter parts for weight and deflection. A 1 inch
square steel cross-section’s stiffness resembles most closely the carbon-polyurethane specimen.
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Preliminary analysis shows the steel to have roughly 50% more deflection (not including self
weight) and to weigh over 4 times as much.

Summary of Specimen Results
The tensile limits of the fibers were not reached during the initial phase of testing as the
compressive buckling and compressive strain limited the extent to which the specimens could be
loaded. Methods of increasing compressive strength and moving the neutral axis down must be
investigated such as increasing the number of layers used on the compression layer, providing
transverse reinforcement to prevent the fibers from buckling outwards, and strengthening the
bond between the compressive fiber layers and balsa. The use of only balsa to resist compression
could also be a potential solution. Epoxy resins have inherently stronger physical properties than
those of polyurethane and were a strong factor in the carbon-epoxy-resin advantageous results.
Table 10: Summary Specimen Results

Specimen Type

Failure Mode

Ultimate Load (lbs.)

Deflection @
Ultimate
Load(in.)

Bare Balsa Cores

(C) Buckling at Load

300

1.82

Carbon-Polyurethane 1

(C) Top Fiber at Load

1278

1.66

Carbon-Polyurethane 2

(C) Top Fiber at Load

1158

1.33

Glass-Polyurethane 1

(C) Top Fiber at Load

1053

2.46

Glass-Polyurethane 2

(C) Top Fiber at Load

831

2.49

Carbon-Epoxy-Resin 1

(C) Top Fiber at Load

2099

1.51

Carbon-Epoxy-Resin 2

(C) Top Fiber at Mid-span

2579

1.71

Required Minimum

938

1.5

The fiber wrapped cores performed significantly better than the bare balsa cores with an
increased ultimate load at failure of between 277% and 860%. The difficulties encountered
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during construction of the specimens will become less apparent on full-scale specimens but have
shown the specimens benefitted greatly from a tight consistent wrap.

Specimen Retrofit Results
The true ultimate strength of the scaled specimens was not achieved because of the
hinging failure mode. Sections of the scaled specimens within the constant moment region were
cut from the original specimens. The cross section was heightened by adding four 3/16 inch
laminated balsa sheets to the top flange in an attempt to produce tensile failure of the bottom
fibers.
The force-displacement plot of the cut specimens has the same characteristics of the
scaled specimens. The carbon-epoxy specimens again displayed the stiffest section and the glasspolyurethane having the most flexible specimen.
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As a polyurethane pad was used to help distribute the load and failure of the specimens occurred
within 1.5 inches of deflection, an LVDT underneath the specimens was used to gather true
flexural deflection. Each of these specimens had failure of the tensile fiber but it should be noted
that this failure did not occur until significant section loss, compressive buckling, and deflection
had occurred as seen in Figure 94.

Figure 94: Specimen Section Tensile Rupture

The carbon-polyurethane fiber under 3-point bending ruptured within 10% of the strain
values gathered from the fiber tensile tests. The carbon-epoxy-resin specimen, 3-point bending
rupture strain was not recorded due to technical errors. Each of the specimens, as would be
expected, had a higher tensile rupture strain that those strains gathered from the scaled specimens
which failed by hinging.
Table 11: Rupture Strain – Tensile Test vs. 3-Point Bending

Tensile Test
Rupture Strain
4‐Point Bending Tensile Strain at
Failure
(44 inch Specimen)
3‐Point Bending Tensile Strain at
Failure
(12 inch Specimen)

Carbon
Polyurethane

Carbon‐Epoxy
Resin

Glass
Polyurethane

0.009

0.039

0.032

0.003

0.004

0.007

0.010

0.021

0.011
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Figure 95: Tensile Strain vs. Moment

The tensile strain of the fiber was plotted against the moment for both the 12 inch
specimens and the scaled 48 inch specimens to verify whether a larger stress on the tensile fiber
had been achieved by the retrofitted specimens see Figure 95. It can be concluded from the plots
that higher strains were induced to the tensile fiber and suggests a modified cross-section will
make better use of the fiber on the tensile face.
The slanted cross-section, although extreme in this case, was common to all specimens
and would of induced eccentric loading, see Figure 96. The longitudinal fibers of the balsa
separated in all specimens as seen in Figure 96 as well as crushing and buckling. The additional
layers of balsa sheets failed in compression from the loading apparatus causing debonding of the
balsa sheets from the fiber at both support ends in all cases. The wood glue used to attempt to
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retrofit the sections does not bond with any substantial strength to the cured resin and should be
substituted for an epoxy-resin in future research.

Figure 96: Section Specimens Cross-section

Figure 97: Sectional Specimen under 3-Point Bending

The retrofit specimens succeeded in that the tensile strain at failure was significantly
increased but only after significant cross-section loss and compressive failure as previously seen
on the scaled specimens. The retrofit specimens offer a strong indication a deeper balsa
compression flange will significantly increase the cross-sectional strength.
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CHAPTER 4: NUMERICAL RESULTS
MSC-Patran Model Calibration
The balsa and fiber properties were input as 2D orthotropic materials as shown in
Table 12. Highlighted values were obtained from material testing during this research.
The remaining values have been accumulated from material specification sheets, similar material
properties and industry-accepted values. The balsa poisson values and remaining weak axis
values were acquired from the Encyclopedia of Materials: Science and Technology (Green,
2001) and were interpolated to meet the density of tested wood. The poisson ratio fiber and
compression values were generalized from similar fiber properties taken from the published
material (Mallick, 2008).
Table 12: MSC Patran Input

Strong Axis

Balsa
Tension
Compression
Glass‐Polyurethane
Tension
Compression
Carbon‐Polyurethane
Tension
Compression
Carbon‐Epoxy‐Resin
Tension
Compression

Weak Axis

Elastic
Modulus
(psi)

Ultimate
Stress
(psi)

Elastic
Poisson's Modulus
Ratio
(psi)

284598
71183

5923
‐4467

0.49

3162
3255

296
‐223

0.23

853000
654397

27300
‐4450

0.53

853000
654397

27300
‐4450

0.53

7026000
3013030

61000
‐9943

0.74

7026000
3013030

61000
‐9943

0.74

2500000
1144468

33000
‐5379

0.74

1250000
572234

16500
‐2690

0.74

* Highlighted values were obtained from material testing during this research.
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Ultimate
Stress
(psi)

Poisson's
Ratio

Force vs. Displacement Numerical Summary
The average maximum ultimate load obtained through testing was applied to the FEM
model and plotted against the test specimen data. The numerical model displayed a stiffer
specimen throughout the loaded range for each of the fiber-matrix combinations. It should be
noted the experimental deflection was obtained from table movement because of the limited
displacement of the LVDT.
The carbon-polyurethane specimens were expected to out-perform the carbon-epoxyresin specimens because of higher strength properties. However, due to complications during
construction the carbon-polyurethane did not perform as expected. The glass-polyurethane data
showed the tensile modulus of elasticity to be 10% – 15% of the strength of the carbon fibers
suggesting prior to testing that the glass-polyurethane specimens would deflect significantly
more than the carbon specimens. The glass-polyurethane specimens were wrapped around all 3
balsa-cores glued together and not the individual cores as were the others. Because of this
wrapping technique the compression face of the specimens received several more layers of fiber
and more importantly, resin, than the carbon specimens. The compressive strength of the fiber
system depends highly on the resin-epoxy/polyurethane used. The additional polyurethane
contributed greatly to the strength of the specimens.
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Figure 98: Force vs. Displacement with Numerical

Bare Balsa Numerical
The bare balsa core numerical results showed a neutral axis at h/2 that conforms to strain
continuity. Local failure of the experimental balsa core walls under the loading points
contributed to the loss of strength on the compressive fiber.
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Figure 99: Bare Balsa Strain with Numerical Results Overlay

The numerical model for the bare balsa cores beyond 25% of the ultimate load displays
less than 15% error in strain values on both the compressive and tensile face of the fiber up until
failure of the numerical model. The larger 36% discrepancy at 25% of the ultimate load could be
associated with initial settlement of the fibers and also initial compressive displacement of the
fibers under direct loading.

Carbon Polyurethane Numerical
The carbon-polyurethane numerical specimens displayed considerable strength gains
from the experimental that can be seen on both the load-displacement plot and enforced by the
strain plot. The compressive strain values are roughly 10% greater than the tensile strain values
and can be associated with the weaker compressive properties compare to tensile properties of
the fiber.
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Figure 100: Carbon-Polyurethane Strain 1 with Numerical Results Overlay

It is important to note that no strain gage was placed on the top compressive fiber of the
experimental specimens and therefore no data was gathered. The strain data obtained from the
numerical model includes the top most fiber and the bottom most fiber.

Glass-Polyurethane Numerical
The numerical results from the glass-polyurethane model are shown in Figure 101 over
top of the results obtained from testing. The extreme top and bottom fiber strain values were
gathered from the FEM model at the same percentages of ultimate load as were obtained from
testing.
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Figure 101: Glass-Polyurethane Strain 1 with Numerical Results Overlay

The tensile numerical strains on the tensile face of the fiber, as expected from a stiffer
cross-section, are smaller than the experimental strains. The compression numerical strain values
are from the outer face of the fiber which does not have experimental data. Following the trend
of the tensile strain data the compression strain of the experimental specimens will exceed those
of the numerical.

Carbon-Epoxy-Resin Numerical
The numerical model of the carbon-epoxy-resin suggests the experimental strain data is
erroneous. The experimental data had inconsistencies enough to suggest poor accuracy of strain
data. The numerical data reinforces this.
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Figure 102: Carbon-Epoxy-Resin Strain 1 with Numerical Results Overlay

Moment vs. Curvature Numerical
The moment-curvature plots are based of moments calculated from the location of the
load and its offset from the support for both the numerical and experimental and are not a true
representation of the moment at the mid-span of the specimens. Both the numerical and
experimental strains are from the compressive and tensile face of the balsa wood and not the
fiber as strain continuity did not exist through to fiber layers.
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The numerical moment curvature plot of the balsa overlays the experimental with
insignificant differences as was expected given the small variance also obtained from the forcedisplacement plot. The glass-polyurethane numerical results also matched within a small percent
of error. It should be noted the variance in the balsa specimens will be compounded into the
other specimen results. The numerical carbon-polyurethane specimen diverged significantly from
the analytical results but was expected due to the variance also obtained in the forcedisplacement plots and also the strain plots through the cross-section.

Suggested Model Enhancement
To further enhance the FEM model and to obtain a more realistic performance on which
to base further research the following recommendations are made. The interaction of the balsa,
resin/polyurethane, and fiber warrants further study and the interactions are suggested to behave
as a linear spring. Multidimensional springs may be used to simulate this interaction in the FEM
model.
Further material testing should be conducted to provide more accurate properties of the
materials used. Especially important is the compressive properties of the fiber and matrix
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because of the compressive failure mode of the specimens. A non-linear stress-strain curve of
each material should be utilized to include the early stages of material settlement observed.

Summary of Numerical Results
The observed strains are linear throughout the cross-section of the FEM specimens.
Further investigation into the interaction of the balsa and fiber could obtain elastic spring values
and could be used to better mirror the slippage shown by the test specimen strain data. The
elastic moduli inputted into Patran for analysis is linear and does not include the initial slip or
settlement from the material tests in turn making the FEM model inherently stiffer than the
experimental data, see Error! Reference source not found..
The mesh sensitivity study showed an increase in deflection as the mesh became denser.
The chosen element size was on the outer limit of deflection convergence and results would
benefit from an increase in mesh. A 5-10% increase in deflection would likely be seen by
decreasing the mesh size from 0.25 inches to 0.125 inches, See Figure 43 for details.
The FEM model is a good indication of the possible obtainable strengths of the composite
sections with improved construction methods and can be used as a tool to experiment with a
variety of fibers and layering options.
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CHAPTER 5: CONCLUSION AND RECOMENDATIONS
Conclusion
The feasibility study presented in this thesis is centralized around The United States of
America’s Military vested interest in the development of super-lightweight, portable, short-span
composite bridge and decking components to replace aging heavy metal-alloy machine driven
modular systems.
This study looked at the feasibility of using balsa wood as the structural core material in
fiber reinforced polymer (FRP) wrapped hollow-core composites in short-span bridge
applications. Based on results of this study the following can be stated.
1. The ultimate compressive strength of the fiber wrapped specimens under 4-point
bending increased between 277% and 860% over the bare balsa core specimens.
2. The ultimate failure mode of the specimens was consistently the creation of a
hinge at the loading point causing excessive rotation.
3. The carbon-resin-epoxy specimens far exceeded requirements largely in part due
to the ease of construction in comparison to the other fiber-matrix combinations
tested.
4. Both the glass-polyurethane and carbon-polyurethane by testing did not
convincingly perform to the requirements. However, it should be noted with
improved construction techniques and the creation of full-scale specimens, the
requirements should easily be met.
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The scaled carbon specimens both show strong evidence that a larger full-scale portable
bridge will support the required MLC30 (60,000lbs.) load with under 6 inches of required
deflection while also maintaining a weight suitable for man-powered transport and construction.
The glass-polyurethane specimens because of inherently low mechanical properties cannot be
predicted to meet the minimum 6 inch requirement. Larger sums of fiber could bring the glassspecimens within range of the deflection requirements but at the expense of much added weight
in turn making the specimens too heavy for man-powered mobility.

Recommendations for Future Work
Based on this study the following recommendations for any future research are
suggested.
1. Full-scale specimens should be developed for testing as well further research into
the scalability of balsa and FRP. The scaled balsa cores proved too small to
properly and consistently wrap fiber tightly around and maintain that tightness
during vacuum bagging.
2. A larger sum of strain gages in a wider variety of locations should be applied to
better understand the balsa-resin/polyurethane interaction. Examples would
include placing gages between all layers of fiber and at multiple sections of the
span to obtain a distribution of slip occurring thought out the length of the
specimen and whether slip occurs between fiber layers or primarily between the
balsa and fiber interface.
3. A minimal number of specimens were tested during this study. It is suggested a
larger sample size and test matrix be utilized to obtain a better average of results.
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4. Special attention should be given the construction of the cores, specifically the
wrapping and vacuum bagging of the fibers to ensure a consistent tight wrap.
Suggested specimen modifications
1. Per military requirements the height of the specimens are restrained. Cores are
thinned so as to provide additional web material for an equivalent total width of
specimen.
2. The individual fiber wrapped balsa cores are suggested to be wrapped for
confinement purposes and torsional rigidity while also providing a tensile
strength.
3. Increased balsa top wall thickness for increased compression material to raise the
neutral axis and induce a larger moment on the tensile fiber to make better use of
the material.
4. Make use of an aluminum overlay to aid in preventing local failure of the fiber
and balsa and also to provide additional compressive strength.
The number of tensile and compression layers of fiber ultimately remains the same while
the volume of balsa is increased by 50%. With improved construction methods and increased
cross-sectional strength and rigidity significant strength improvements should be observed.
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Figure 103: New Specimen Staging
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APPENDIX: MATERIAL SUPPLIERS
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Vacuum System
Material

Tape-Ease CD1001 Vacuum
Bagging Kit

Dahlar® Release
Bag 125 (1 roll)

Description

Supplier

Supplier Address

110 volt pump
50/60Hz
Pressure gage
and hose

Tape-Ease LLC

620 Green Bay Rd.
Denmark, WI 54208

20 mil vinyl
bag
Release film

Coast-Line
International

274 Bangor St.
Lindenhurst, NY 11757

Strain Gage
Material

Description

KFG-5-350-C1-11
L3M2R

Strain gage

M-Coat

Strain gage
moisture
protection

CC-36

Strain gage
adhesive

Supplier

Supplier Address

Vishay MicroMeasurements

39555 Orchard Hill Place, Suite 364
Novi MI, 48375

Core
Material

Description
3

Balsa Wood

19 lbs/ft +

Titebond Original

Wood glue

Supplier

Supplier Address

Specialized Balsa
Wood, LLC

405 8th Street SE, Unit #2
Loveland, CO 80537-6491

Fiber and Matrix
Material

Description

Supplier

Supplier Address

Aquawrap Water
Activated

Preimpregnated

Air Logistics

146 Railroad Avenue
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Composite Wrap

carbon fiber

Monrovia, CA 91016

Aquawrap Water
Activated
Composite Wrap
Uni-Directional
Carbon Fabric

Carbon fiber
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